A method for high-resolution genomic fingerprinting of the enteric pathogens Campylobacter jejuni and Campylobacter coli, based on the determination of amplified fragment length polymorphism, is described. The potential of this method for molecular epidemiological studies of these species is evaluated with 50 type, reference, and well-characterised field strains. Amplified fragment length polymorphism fingerprints comprised over 60 bands detected in the size range 35^500 bp. Groups of outbreak strains, replicate subcultures, and`genetically identical' strains from humans, poultry and cattle, proved indistinguishable by amplified fragment length polymorphism fingerprinting, but were differentiated from unrelated isolates. Previously unknown relationships between three hippurate-negative C. jejuni strains, and two C. coli var. hyoilei strains, were identified. These relationships corresponded to available epidemiological data. We conclude that this amplified fragment length polymorphism fingerprinting method may be a highly effective tool for molecular epidemiological studies of Campylobacter spp. z
Introduction
Campylobacter jejuni subsp. jejuni (hereafter C. jejuni) and Campylobacter coli are regarded as the most common causes of foodborne human gastroenteritis worldwide, and are also associated with several other diseases in humans and animals [1] . These species occur in food animals and household pets, and may also be isolated from environmental sources [1] . Epidemiological studies are further complicated by the sporadic reporting of most human cases. There is therefore a need for highly discriminatory typing methods to properly identify sources of Campylobacter infection.
Since traditional phenotypic schemata (e.g. biotyping, serotyping) are relatively insensitive tools for typing campylobacters, many workers have applied genotypic methods for this purpose. The improved sensitivity of most of these techniques over phenotypic methods is well documented, yielding valuable epidemiological information [2^5] . Nonetheless, sev- eral studies have indicated that genetic`¢ngerprints' of epidemiologically related strains can be altered by mechanisms including point mutation [2] , recombination [6] , transformation [5] , and whole-genome rearrangements [7] , making data interpretation a complex matter. Consequently, there remains a need for the development, evaluation and application of additional genotyping methods for molecular epidemiological studies of Campylobacter spp. Ampli¢ed fragment length polymorphism (AFLP)-based ¢ngerprinting is a recently described method for determining whole-genomic polymorphisms in both eucaryotes [8] and procaryotes [9^11] . AFLP analysis involves digestion of cellular DNA with two restriction enzymes; ligation of speci¢c oligonucleotide adaptors to the pertinent restriction sites; PCR ampli¢cation using primers speci¢c to the relevant restriction site/adaptor sequence; and separation and detection of the PCR-ampli¢ed fragments. Several studies have shown that AFLP is a highly sensitive method for characterising a wide range of bacterial pathogens, including Legionella pneumophila [11] , Aeromonas spp. [10] , and Salmonella spp. [9] . However, AFLP requires optimisation for di¡erent organisms to account for genomic di¡erences (notably genome size and G+C content), and also to ensure the resolving power of the electrophoretic detection system employed is used to its full potential [10, 11] . Here we describe a method suitable for AFLP ¢ngerprinting of C. jejuni and C. coli and evaluate its potential for molecular epidemiological studies of these taxa.
Materials and methods

Bacterial strains
Details of the 27 C. jejuni and 23 C. coli strains used are given in Table 1 . These included outbreak strains [3, 5] , cultures representing the same strain passaged 20 and 50 times [7] , sporadic isolates de¢ned by macrorestriction pro¢ling with four restriction enzymes as`genetically identical', and`genotypically similar', respectively [3] , and type and reference strains with no known epidemiological relationship, including phenotypically atypical strains [12^14].
DNA extraction
Strains were cultured for 2^3 days under microaerobic conditions on blood agar medium. Approximately 40 mg of bacterial cells were washed in 500 Wl of PBS bu¡er (1.44 g Na P HPO R , 0.2 g K P HPO R , 8.0 g NaCl, 0.2 g CaCl P in 1 l distilled water, pH 7.4) and centrifuged at 12 000 rpm for 5 min. Cell pellets were resuspended in 200 Wl of PBS bu¡er and DNA extracted using an Easy-DNA Kit (Invitrogen, Carlsbad, CA, USA) using protocol 3 of the manufacturer's instructions. Extracted DNA was eluted in 50 Wl of TE bu¡er (included in the kit) and stored at 4³C until analysis.
DNA digestion and ligation of PCR adaptors
Five microlitres of each DNA sample was simul- 
, MA, USA) using a restriction bu¡er described by Vos et al. [8] . These enzymes (and the corresponding PCR adaptors/primers) were selected from preliminary experiments that also included BamHI and MfeI in various combinations (data not shown). The total reaction volume was 20 Wl. Five microlitres of the digest was transferred to a new tube containing 2 pM (¢nal concentration) of BglII adaptor (5P-CGG ACT AGA GTA CAC TGT C-3P and 5P-GAT CGA CAG TGT ACT CTA GTC-3P), 20 pM (¢nal concentration) of Csp6I adaptor (5P-AAT TCC AAG AGC TCT CCA GTA C-3P and 5P-TAG TAC TGG AGA GCT CTT GG-3P), 1 U T4 DNA ligase (United States Biochemicals, Cleveland, OH, no. 70005), 2 Wl of 10UT4 DNA ligase bu¡er (United States Biochemicals, no. 70087) and 8 Wl of restriction bu¡er. The total reaction volume was 20 Wl. Ligation was carried out overnight at room temperature.
PCR ampli¢cation and fragment analysis
The oligonucleotide primers used for ampli¢cation of modi¢ed restriction fragments were BGL2F-0 (5P-GAG TAC ACT GTC GAT CT-3P, non-selective primer labelled with 6-carboxyl£uorescein (FAM) at the 5P-end) and CSP61-A (5P-GAG CTC TCC AGT ACT ACA-3P, selective, unlabelled primer). PCR was performed in a reaction mixture (50 Wl ¢nal volume) containing 2 Wl of 10-fold diluted ligation product, 200 WM of each of the four dNTPs, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 2.5 mM MgCl P , 65 ng of each of the PCR primers and 1.5 U of Taq DNA polymerase (Gibco-BRL, Gaithersburg, MD, USA). Ampli¢cation was performed in a programmable thermocycler using an initial denaturation step at 94³C (3 min), followed by 30 cycles consisting of denaturation (94³C for 60 s), annealing (54³C for 60 s) and extension (72³C for 90 s) steps, and a ¢nal extension step (72³C for 10 min). For detection, 2 Wl of diluted PCR product (1:20 with sterile distilledd eionised water) was mixed with 2 Wl of deionised formamide, 0.3 Wl of internal lane size standard (GeneScan 500 TAMRA; Applied Biosystems, Foster City, CA, USA) and 0.7 Wl of loading bu¡er (supplied with size standard) and heated at 94³C for 2 min. After cooling on ice, samples were electrophoresed on a 6% denaturing polyacrylamide gels on an ABI 373A automated sequencer (Applied Biosystems, Foster City, CA, USA) according to manufacturers instructions. Data collection, preprocessing and fragment analysis were done by using 672 Genescan 1.2.2-1 fragment analysis software (Applied Biosystems, Foster City, CA, USA).
Results and discussion
General features and reproducibility of AFLP pro¢les
The detection system used resolved over 60 fragments of 35^500 bp in the strains studied. AFLP pro¢les of strains were stable upon repeat testing (data not shown), although some variance was observed in the absolute concentration (i.e. peak height) of a given fragment. The variability observed was not su¤cient to alter the conclusions made concerning the relationship of one strain to another, provided electrophoregrams were examined carefully (see Fig. 3 for example).
Interstrain relationships
Of the 27 C. jejuni strains studied, 19 di¡erent AFLP pro¢les were obtained (Fig. 1) . Four groups, each comprising three strains, could not be further di¡erentiated. These groups included: strains from a Danish waterborne outbreak [3] ; two groups of sporadic isolates from humans, poultry and/or cattle described as`genetically identical' by SmaI, SalI, KpnI and BamHI-based macrorestriction pro¢ling [3] ; and hippurate-negative strains CDC D603, D941 and D977. Thus, outbreak strains, and clones from sporadic sources, can be readily identi¢ed. The above CDC strains originated from King County in Washington [13] and a common origin is thus feasible. Alternatively, our data may indicate that certain hippurate-negative isolates represent a distinct clonal lineage of C. jejuni, as has been postulated for urease-positive strains of C. sputorum [2] .
Of the 23 C. coli strains examined, 18 di¡erent AFLP pro¢les were recognised (Fig. 2) . The strains that were not further di¡erentiated included three outbreak strains [5] ; two strains representing the same clone passaged 20 and 50 times [7] ; two subcultures of the type strain obtained from di¡erent culture collections; and two Australian pig isolates a¡ected by porcine proliferative enteropathy [14] . As for the results obtained for C. jejuni, outbreak strains and genetically identical clones of C. coli can be readily identi¢ed. Detailed epidemiological data regarding the Australian pig isolates were not available. However, these strains were isolated at di¡erent times (1988 and 1991) (E. Falsen, catalogue of the culture collection of the University of Go ë teborg, Sweden) suggesting that these strains represent a stable clone.
The interpretation of typing results is considered di¤cult when isolates give patterns that are`similar' to each other [15] . We note here that strains described as`similar' by PFGE pro¢ling yield comparable results with AFLP analysis. C. jejuni strains SVS 787-657 and 4039 could not be di¡erentiated 
Conclusions
The agreement between the results of AFLP-and PFGE-based analyses (noted above) is perhaps not surprising, given that both methods examine for whole-genome polymorphisms. However, the resolution of PFGE pro¢ling is dependent on the choice of restriction enzyme used, and it is thus recommended to check interstrain relationships with another endonuclease or a di¡erent typing method where necessary [3] . In this respect, the AFLP typing method described here may be considered advantageous, since a single protocol can evidently be used to obtain the same resolution as PFGE typing using sev- Fig. 3 . Electrophoretic traces of partial (365^475 bp) AFLP ¢ngerprints of three C. jejuni strains (blue trace, SVS 116/2 ; red trace, SVS 065-913; black trace, SVS 5025) found indistinguishable by SmaI, SalI, KpnI and BamHI-based PFGE pro¢ling [3] . The x-axis denotes fragment size in bp, whilst the y-axis shows peak intensity in relative £uorescent units. Although some variance may be seen in the relative concentration of each fragment, their sizes are identical. The single 461-bp fragment di¡erence seen in the AFLP pattern of SVS 116/2, but not in strains SVS 065-913 and SVS 5025 (Fig. 1 ) occurs since the predetermined minimal (cut-o¡) £uorescence intensity level required by the software used to delineate a band in AFLP patterns is not attained. The same phenomenon accounts for fragment di¡er-ences of 341 and 430 bp observed in SVS 5012 compared with SVS 282-690 and SVS 4026 (Fig. 1). eral enzymes. The fact that strains of both species shown to be indistinguishable by PFGE typing using up to four di¡erent enzymes [3, 5, 7] proved indistinguishable by AFLP analysis (Fig. 3) supports the hypothesis that such strains represent genetically identical clones, even where a common source is not immediately obvious [3] . Since most human cases of campylobacteriosis are reported sporadically, these data emphasise the value of high-resolution genotyping methods for investigating complex bacterial epidemiologies by clearly identifying clones of C. jejuni that can be found in humans, poultry, and cattle in Denmark. Although further evaluations are required to determine the value, and indeed limitations of AFLP ¢ngerprinting for Campylobacter spp., the results of the present study suggest this method to be a promising and e¡ective tool for molecular epidemiological studies of these important pathogens.
